PF-06751979 is a selective inhibitor of the beta-site amyloid precursor protein cleaving enzyme-1, which is a key aspartyl protease in the generation of amyloid-␤ (A␤) peptides, thought to be critical for the cerebral degeneration observed in Alzheimer's disease. Two Phase I studies (NCT02509117, NCT02793232) investigated the safety/tolerability, pharmacokinetics (PK), and pharmacodynamics (PD) of PF-06751979. Single-ascending doses up to 540 mg and multipleascending doses up to 275 mg once daily (QD) in healthy adults, and multiple doses of 50 mg or 125 mg QD in healthy older subjects were assessed. PF-06751979 was well tolerated at all doses given, and all treatment-related adverse events (AEs) were mild to moderate. PK parameters remained consistent across the PF-06751979 QD dosing regimens, and no notable food effects were observed. PD analysis showed that PF-06751979 reduced the cerebrospinal fluid (CSF) and plasma levels of A␤ peptides in a dose-dependent manner, with the greatest reductions observed in subjects treated with 275 mg QD (approximately 92% and 93% reduction in CSF A␤ 1-40 and A␤ 1-42 observed at 24 h after Day 14 dose, respectively). A drug interaction study (NCT03126721) using midazolam indicated that there was no clinically meaningful effect of multiple doses of PF-06751979 100 mg QD on the PK of single-dose midazolam in healthy adults. Overall, these data suggest that PF-06751979 with daily dosing is favorable for further clinical development.
INTRODUCTION
Alzheimer's disease (AD) is a progressive, neurodegenerative disorder that is the most common form of dementia worldwide and one of the leading causes of disability and dependency in the elderly [1] . AD and other dementias are predicted to affect 115 million people by 2050 [2] . Current approved therapies, including cholinesterase inhibitors and an N-methyl-D-aspartate-receptor antagonist, provide symptomatic improvement but do not affect the progression of the disease [3, 4] . Therefore, there is an urgent need to develop new treatments that favorably alter the progression of AD by slowing, or even preventing, its associated neurodegeneration.
Cerebral degeneration in AD is characterized by the accumulation of intracellular neurofibrillary tangles and extracellular amyloid plaques [5, 6] . The primary components of amyloid plaques are 37 to 43 residue-long amyloid-␤ (A␤) peptides [7] . The most abundant A␤ peptide identified in the post-mortem AD brain is 40 amino acids in length (A␤ 40 ) [8] ; however, the more pathological peptide is 42 amino acids long (A␤ 42 ). This peptide has a higher aggregation tendency than other forms [9] .
A␤ peptides have long been known to be derived from the sequential cleavage of the transmembrane amyloid-␤ protein precursor (A␤PP) by ␤-site amyloid precursor protein cleaving enzyme (BACE) [10] followed by ␥-secretase [11] . As processing of A␤PP by BACE is necessary for the generation of A␤ peptides, BACE inhibition to reduce A␤ 42 levels is a rational therapeutic strategy. Notably, soon after the original identification of BACE, a homolog, termed BACE2 was discovered [12] . While it is 75% homologous to BACE (BACE1), studies indicate that BACE2 does not play an active role in A␤ peptide production in the brain [13] and BACE2 inhibition can thus be considered off-target for the treatment of AD. Despite this, and although a number of BACE inhibitors have progressed to late-stage clinical trials, including AZD3293, MK-8931, JNJ-54861911, CNP520, and E2609 [14] [15] [16] [17] [18] , progress in designing a BACE inhibitor that has good selectivity for BACE1 over BACE2 has been limited. Indeed, aside from CNP520, which has shown some selectivity for BACE1 [16] , current BACE inhibitors appear to inhibit BACE1 and BACE2 to a similar degree [19] . An understanding of the physiological impact of offtarget BACE2 inhibition has emerged in recent years, with studies demonstrating that BACE2 knockout disrupts melanogenesis, resulting in a hypopigmentation phenotype [20, 21] . Several non-selective BACE inhibitors, such as AZD3293 and NB-360 have shown fur and skin pigment loss in mice, rats, or dogs following chronic dosing regimens [22, 23] . These data suggest that chronic BACE2 inhibition is undesirable in a therapeutic agent.
PF-06751979 is a novel, brain-penetrable, smallmolecule BACE inhibitor under investigation as a potential treatment for AD. The structure of PF-06751979 has previously been reported by O'Neill and colleagues (compound 64), and it has been shown to be a potent BACE inhibitor [19] . Using a radioligand binding or fluorescence polarization (FP) assay, PF-06751979 had 26.6-fold or 6.4-fold selectivity for BACE1 over BACE 2, respectively; broad selectivity over the related aspartyl protease Cathepsin D (Cat D) was also reported (∼2500-fold using an FP assay) [19] . Long-term toxicology studies in mice and dogs did not reveal pigmentation changes [19] , thus supporting selectivity for BACE1 in vivo. Moreover, animal studies have demonstrated robust reductions of A␤ 40 and A␤ 42 in the brain and cerebrospinal fluid (CSF) following subcutaneous administration of PF-06751979 [19] . This observed change in the CSF A␤ profile represents a mechanism-relevant pharmacodynamic (PD) endpoint.
Here we report the findings of the first three Phase I studies investigating PF-06751979 in humans. Study B8271001 (NCT02509117) was a first-in-human trial and provided data to inform the use of higher doses in the subsequent study, B8271004 (NCT02793232), while B8271007 (NCT03126721) was a drug-drug interaction study with midazolam, a model substrate drug for CYP3A activity. Data from studies B8271001 and B8271004 were analyzed together to evaluate the safety, tolerability, and pharmacokinetics (PK) of single-and multiple-ascending doses of PF-06751979 in healthy adults and healthy older subjects, as well as the effect of multiple doses of PF-06751979 on plasma and CSF A␤ fragments in healthy adults. In addition, the effects of multiple-dose administration of PF-06751979 on the single-dose PK of oral midazolam in study B8271007 are briefly summarized.
MATERIALS AND METHODS

Study design
B8271001 and B8271004 were Phase I, randomized, double-blind, placebo-controlled studies in healthy adults (18-55 years of age) and healthy older subjects (60-85 years of age). B8271001 was conducted at Paraxel California Clinical Trials, Glendale, CA, USA, and B8271004 at Pfizer Clinical Research Unit (CRU), Brussels, Belgium. The studies were subject-and investigator-blind, and sponsor-open. Both studies were split into three parts (Parts A-C [ Table 1 ]); this consistent design permitted data to be combined in this analysis.
Part A was a single-ascending dose (SAD) study of PF-06751979 (up to 160 mg in study B8271001 and up to 540 mg in B8271004) with a four-period, crossover, placebo-substitution design in a single cohort of eight healthy adults. Subjects progressed through four treatment periods, with a single dose of placebo or PF-06751979 administered in each period. Subjects were randomized in a 1:1:1:1 ratio to one of four dosing sequences prior to receiving their first dose of study medication. In study B8271001, each subject could receive up to four study treatments (placebo and up to three PF-06751979 dose levels) administered orally following an overnight fast. In study B8271004, each subject could receive up to three treatments orally (placebo or up to three PF-06751979 dose levels following an overnight fast) in the first three periods. In period 4, placebo or PF-06751979 200 mg was adminstered following a high-fat breakfast to evaluate food effect. During each period, subjects were admitted to the CRU on Day -1 and confined for approximately 4 (B8271001) or 5 days (B8271004) following dosing. Each dose adminstration was seperated by a washout of at least 7 days in study B8271001 and 10 days in study B8271004.
Part B was a multiple-ascending dose (MAD) study, in which five cohorts of 10-16 healthy adults were randomized to receive placebo or multiple oral doses of PF-06751979 once daily (QD) for 14 days (5, 15 , and 50 mg in study B8271001 and 125 and 275 mg in study B8271004). Randomization was performed in a 1:4 (5 and 15 mg cohort), 1:2 (50 mg cohort), or 1:3 (125 and 275 mg cohort) ratio. On Days 1, 7, and 14, treatment was administered following an overnight fast. On all other days, treatment was administered outside a window of ± 1 h of food. Subjects were admitted to the CRU on Day -1 (B8271001) or Day -4 (B8271004) and confined for approximately 21 days in study B8271001 and 22 days in study B8271004.
In Part C, two cohorts of 10-12 healthy older subjects were randomized in a 1:2 ratio in B8271001 or a 1:4 ratio in B8271004 to receive multiple oral doses of placebo or PF-06751979 (50 mg QD in study B8271001 and 125 mg QD in study B8271004) for 14 days. On Days 1, 7, and 14, treatment was administered following an overnight fast. On all other days, treatment was administered as in Part B. Subjects were admitted to the CRU on Day -1 (B8271001) or Day 0 (B8271004) and confined for approximately 21 days.
Study B8271007 was a Phase I, open-label, fixedsequence study in a single cohort of 12 healthy adults to assess the effect of multiple doses of PF-06751979 100 mg QD for 11 days on the single-dose PK of oral midazolam (Table 1 ). The study comprised two periods. In the first, a single oral dose of midazolam 2 mg was administered. In the second, a single dose of midazolam 2 mg was administered on Day 10, with multiple doses of PF-06751979 100 mg QD administered from Days 1-11. 
Safety assessments
The safety and tolerability of single-and multipleoral doses of PF-06751979 in healthy adults and/or healthy older subjects were evaluated in studies B8271001 and B8271004. Safety and tolerability of multiple-oral doses of PF-06751979, with or without co-administration of midazolam, were evaluated in study B82710007. All subjects who received at least one dose of study medication were included in the safety analyses. Safety measures included an assessment of adverse events (AEs; spontaneous and solicited), blood and urine laboratory tests, vital signs, and electrocardiograms (ECGs).
Serious AEs (SAEs) were defined as any that resulted in death, were life-threatening, required inpatient hospitalization or prolongation of existing hospitalization, resulted in persistent or significant disability/incapacity or resulted in congenital anomaly/birth defect.
All treatment-emergent adverse events (TEAEs) and their severity and potential causality were recorded by investigators from the time the subject had taken at least one dose of study medication through their last follow-up.
PK assessment
In studies B8271001 and B8271004, plasma and/or urine samples were collected following single and multiple oral doses of PF-06751979. In both studies, during each period of Part A, blood samples were collected pre-dose on Day 1, and 0.5, 1, 2, 4, 8, 12, 16, 24, 36, 48 , and 72 h post-dose. In study B8271001 an additional sample was collected 1.5 h post-dose; and in study B8271004 additional samples were collected on Day -1 (periods 2-4 only), and 6 and 96 h postdose.
During Part B of both studies, on Days 1 and 7, blood samples were collected pre-dose and 0.5, 1, 2, 4, 8, 12, and 24 h post-dose. In study B8271001, an additional sample was collected 1.5 h post-dose, and in B8271004 an additional sample was collected 6 h post-dose. On Days 4 and 10, samples were taken predose and 2 (B8271001) or 4 h (B8271004) post-dose. On Day 14, time points for blood sample collection were the same as those on Days 1 and 7 up to 24 h. Additional samples were then taken 48, 72, 96, and 120 h post-dose.
During Part C of both studies, blood samples were collected pre-dose on Day 1 and 0.5, 1, 2, 4, 8, 12, and 24 h post-dose. In study B8271001, an additional sample was collected 1.5 h post-dose, and in B8271004, an additional sample was collected 6 h post-dose. On Days 4, 7, and 10, samples were collected pre-dose and at 2 (B8271001) or 4 h (B8271004) post-dose. In addition, samples were also collected 12 and 24 h post-dose on Day 7 of study B8271001. On Day 14, time points for blood sample collection were the same as those on Day 1 up to 24 h. Additional samples were then taken 48, 72, 96, and 120 h post-dose.
In study B8271007, serial blood samples for midazolam PK analysis were taken over 24 h post-dose after midazolam was administered alone in period 1. In period 2, blood samples were taken up to 48 h post-dose after midazolam was co-administered with PF-06751979 on Day 10.
Samples were analyzed for PF-06751979 concentrations at Pfizer Inc (Groton, CT, USA) (B8271001) or York Bioanalytical Solutions (York, UK) (B8271004) using validated high-performance liquid chromatography tandem mass spectrometry. The lower limit of quantification (LLOQ) for PF-06751979 was 0.500 ng/mL (B8271001 only) or 5.00 ng/mL (B8271004 only) in plasma, 0.050 ng/mL in CSF, and 0.050 ng/mL in urine. Samples for midazolam concentrations were analyzed at York Bioanalytical Solutions (York, UK) using a validated, sensitive, and specific liquid chromatography tandem mass spectrometric method. The LLOQ for midazolam was 0.100 ng/mL. The PK concentration population was defined as all enrolled, treated subjects who had at least one measurable PF-06751979 or midazolam (B8271007) concentration. The PK parameter population was defined as all enrolled, treated subjects who had at least one of the PK parameters of interest measured.
Plasma and urine PF-06751979 and midazolam PK parameters were calculated using noncompartmental analysis of concentration-time data.
PD assessments
In Part B of studies B8271001 and B8271004, the PD of multiple-ascending oral doses of PF-06751979 on CSF A␤ fragments in healthy adult subjects was evaluated in the PF-06751979 50, 125, and 275 mg QD cohorts. In addition, the PD of single-and multiple-ascending oral doses of PF-06751979 on plasma A␤ fragments in healthy adult subjects was evaluated in all cohorts in the SAD and MAD studies (Parts A and B).
Lumbar puncture to obtain CSF for PD analysis was conducted on Days 0 (∼24 h prior to the first dose on Day 1) and 15 (24 h after the last dose on Day 14) in 8271001 or on Days -3 (∼72 h prior to the first dose on Day 1) and 15 (24 h after the last dose on Day 14) in B8271004. During Part A of both studies, blood samples for plasma A␤ analyses were taken pre-dose on Day 1, and 8, 24, and 48 h postdose, with additional samples collected 4 h post-dose (B8271001 only) and 6 h post-dose (B8271004 only). During Part B, blood samples were taken pre-dose on Days 1, 2, 4, 7, 10, and 14.
CSF samples were analyzed at a Pfizer CRU laboratory (NHCRU Biomarker Laboratory, New Haven, CT, USA) for concentrations of A␤ x-38 , A␤ x-40 , A␤ x-42 , A␤ 1-38 , A␤ 1-40 , A␤ 1-42 , total A␤, soluble A␤PP␣ (sA␤PP␣), and sA␤PP␤. Samples for total A␤ were assayed using a validated dissociation-enhanced lanthanide fluorescent immunoassay (DELFIA ® ) method and the LLOQ was 391.0 pg/mL. Samples for all other peptides were assayed using a validated electrochemiluminescence method. The LLOQs were 47.0 pg/mL for A␤ x-38 , 14.0 pg/mL for A␤ x-40 , 2.06 pg/mL for A␤ x-42 , 27.7 pg/mL for A␤ 1-38 , 27.4 pg/mL for A␤ 1-40 , and 2.85 pg/mL for A␤ . In study B8271001, the LLOQ for sA␤PP␣ was 19.0 ng/mL, and in B8271004 it was 26.0 ng/mL. In both studies the LLOQ for sA␤PP␤ was 24.4 ng/mL. Plasma samples were analyzed for A␤ , A␤ x-40 , and total A␤ concentrations at the same laboratory and assayed using the DELFIA method. The LLOQ was 12.1 pg/mL for A␤ 1-40 , 28.4 pg/mL for A␤ x-40 , and 66.0 pg/mL for total A␤.
Changes from baseline in CSF A␤ species after 14 days of dosing were natural log transformed [log e (A␤ post-dose) -log e (A␤ at baseline)] and analyzed using a linear model, analysis of covariance, with treatment as a fixed effect and log e baseline as a covariate. For these analyses, treatment mean was transformed to percent change from baseline, treatment versus pooled placebo difference was transformed to placebo-adjusted percent change from baseline, and mean estimates along with 2-sided 80% confidence intervals (CIs) were reported.
Changes from baseline in plasma A␤ species, at each of the time points indicated above, were log transformed and analyzed using a mixed model-repeated measures approach. In this analysis, treatment, time, and treatment by time were fixed effects, with subject as a random effect, and log baseline mean as a covariate.
PK/PD modeling for CSF Aβ 1-40 and Aβ 1−42
Using data from studies B8271001 and B8271004, a population PK/PD model of CSF A␤ 1-40 and A␤ was developed to characterize the PF-06751979 plasma exposure and CSF A␤-response relationship. All analyses were performed using NONMEM 7.3 (ICON Development Solutions, Gaithersburg, MD, USA).
Population PK was characterized using a twocompartment model with linear elimination and first-order absorption. Increases in relative bioavailability at higher doses (>100 mg), and slower absorption due to a high-fat meal were characterized also. To characterize PD effects, indirect response modeling was applied in which the rate of production of CSF A␤ was decreased as a function of PF-06751979 plasma concentration. PK data were included but population PK parameters were fixed (Population PK Parameters and Data Approach) [24] .
Due to the limited amount of CSF A␤ data collected (only at baseline and a single trough measurement at steady state), the parameters for CSF A␤ turnover rates were fixed to 0.084/h for A␤ and 0.12/h for A␤ , which were estimated in a separate, PK/PD study with serial CSF collections [25] . Due to the similarity in study populations, it was assumed that A␤ dynamics in the PK/PD model described here would be the same as those from the separate PK/PD study [25] . The estimated exposure-response relationship was specific to PF-06751979, based on the current multiple-dose data.
A␤ and A␤ 1-42 data were simultaneously modeled. The same inhibitory maximum effect (I max ) and half maximum inhibitory concentration (IC 50 ) were assumed for both species, based on the mechanism of action of BACE inhibitors, and the baseline correlation between both species was taken into account.
Ethical principles
All studies were conducted in compliance with the ethical principles of the Declaration of Helsinki, and International Conference on Harmonization Good Clinical Practice guidelines. The protocols were approved by the Independent Ethics Committee at the investigational centers. All subjects provided informed consent. a Data missing for one subject who discontinued after randomization prior to Period 1 dosing; b All subjects in the Asian group were Japanese. BMI, body mass index; PBO, placebo.
RESULTS
Subjects
A combined total of 101 subjects were randomized in studies B8271001 and B8271004; 100 subjects received treatment. Demographics for treated subjects are shown in Table 2 .
In the SAD part (Part A), 17 adult males were randomized. In study B8271001, one subject withdrew between randomization and period one dosing. The remaining 16 subjects received treatment (mean age 33.1 years [range 23-55]; mean body mass index
[BMI] 25.3 kg/m 2 ; White n = 12, Black n = 3, Asian n = 1); all completed the study.
In the MAD part (Part B), 60 adult males were randomized (mean age 36.8 years [range 18-54]; mean BMI 25.3 kg/m 2 ; White n = 31, Black n = 15, Asian n = 12, other n = 2). In Part B of B8271004, all Asian subjects (n = 10) were Japanese. Two subjects discontinued in B8271004 (placebo group, n = 1; PF-06751979 275 mg group, n = 1).
In the multiple-dose component (Part C), 24 older subjects were randomized (11 male, 13 female; mean age 67.9 years [range 62-75]; mean BMI 25.7 kg/m 2 ; White n = 19, Black n = 4, Asian n = 1). Two were discontinued from the PF-06751979 50 mg group of study B8271001.
In study B8271007, a total of 12 adult males participated (mean age 32.1 years [range 21-54]; mean BMI 24.0 kg/m 2 ; White n = 6, Black n = 6). All subjects completed the study.
Safety
The frequencies of TEAEs reported in studies B8271001 and B8271004 are summarized in Table 3 . Overall, no SAEs or deaths were reported. All TEAEs reported in the two studies were mild to moderate in severity. Fatigue and headaches were the most frequently reported AEs (Table 3) .
Following a single-ascending dose of PF-06751979 in healthy adults (Part A), 29 TEAEs were reported by 17 subjects, 19 of which were considered to be treatment related. In general, the frequency of TEAEs increased with dose. Following multiple doses of PF-06751979 in healthy adults (Part B), 59 TEAEs were reported by 29 subjects, 30 of which were considered to be treatment related. The frequency of treatment-related TEAEs was highest in the PF-06751979 275 mg treatment group; however, the TEAE incidence rate could not be deemed to be dose related due to the relatively small number of subjects in each treatment group. Following multiple doses of PF-06751979 in healthy older subjects (Part C), 35 TEAEs were reported by 18 subjects, 23 of which were deemed to be treatment related. The frequency of TEAEs was similar in the PF-06751979 50 mg and 125 mg treatment groups.
In Part B of B8271004, two subjects discontinued. One subject, randomized to the PF-06751979 275 mg cohort but treated with placebo, discontinued due to elevated liver enzymes. Alanine aminotransferase/aspartate aminotransferase (ALT/AST) elevation was identified in the subject on Day 4 (ALT, 6.2 × upper limit of normal [ULN]; AST, 3.3 × ULN), accompanied by elevated alkaline phosphatase (ALP, 1.2 × ULN). The elevations were deemed to be treatment related and the subject was discontinued from the study on the same day. ALT/AST and ALP levels recovered quickly, without medical intervention, and were within normal range by Days 15 and 8, respectively. The second subject, treated with PF-06751979 275 mg QD, presented with a moderate maculopapular rash 6 h post-dose on Day 11, which was deemed to be treatment related and led to discontinuation from the study. Following discontinuation, the subject continued to undergo safety evaluations and a moderate increase in ALT/AST levels, deemed to be treatment related, was reported on Day 14 (ALT, 3.1 × ULN; AST, 1.15 x ULN). ALT and AST levels recovered quickly, without medical intervention, and were within normal range by Days 24 and 14, respectively.
In Part B of B8271001, one subject treated with PF-06751979 15 mg QD presented with moderate ALT/AST elevation on Day 19, 5 days after the final dose of PF-06751979 and prior to discharge from the study. ALT and AST levels peaked on Day 21 (ALT, 7.7 × ULN; AST, 5.6 × ULN), and subsequently recovered quickly, without medical intervention, to fall within normal range on Days 32 and 26, respectively. Across both studies, transient ALT/AST elevations in PF-06751979-treated subjects were not accompanied by any other abnormality indicative of impaired liver function.
In Part C of B8271001, one subject was discontinued due to insomnia, prior to study medication being administered, and one subject treated with PF-06751979 50 mg QD was discontinued on Day 9, at the discretion of the principal investigator due to a medical history of memory problems. Neither discontinuation was determined to be treatment related by the investigator, and neither were recorded as AEs. There were no clinically meaningful findings in ECGs or vital signs, and no other clinically meaningful laboratory test findings in either study.
In study B8271007, following a single oral dose of 2 mg midazolam alone (period 1), three TEAEs were reported, none of which were deemed to be treatment related. Following multiple doses of PF-06751979 100 mg QD alone (period 2), nine TEAEs were reported, of which six were deemed to be treatment related. Following the co-administration of PF-06751979 100 mg QD and a single dose of midazolam 2 mg (Day 10, period 2), six TEAEs were reported, five of which were deemed to be treatment related. In period 2, one subject experienced moderate ALT/AST elevation on Day 7 (ALT, 2.12 × ULN; AST, 1.23 × ULN). ALT and AST levels peaked on Days 13 and 12, respectively (ALT, 3.33 × ULN; AST, 1.75 × ULN), and resolved without medical intervention, to reach normal levels on Days 22 and 15, respectively. The ALT/AST elevations were not accompanied by any other abnormality indicative of impaired liver function. All TEAEs reported in period 2 were mild to moderate in severity, with fatigue and headaches being the most commonly reported. No SAEs or deaths were reported and there were no dose reductions or discontinuations. 
PK
Combined PK parameter data for studies B8271001 and B8271004 are shown in Table 4 and the mean plasma concentration-time curves are shown in Supplementary Figure 1 .
Following single-ascending doses of PF-06751979 ranging from 3 mg to 540 mg (Part A), and multiple doses up to 275 mg QD (Part B), median T max was 3-4 h in the fasted state. Plasma C max and AUC inf both increased with increasing dose. PK was linear up to 50 mg and from 125-275 mg after multiple (18) 429.9 (23) a Geometric mean (%CV) for all PK parameters except: median (range) for T max ; arithmetic mean ± SD for t 1/2 . AUC inf , area under the plasma concentration-time curve from time 0 to infinity; AUC tau , area under the plasma concentration-time curve from over the dosing interval tau (τ) where τ equals 24 h for QD dosing; CL/F, apparent clearance; C min , minimum observed concentration during the dosing interval; C max ,maximum observed concentration; CV, coefficient of variation; N, number of subjects in the treatment group and contributing to the summary statistics for the specified day; n, number of subjects for t 1/2 and Vz/F; PK, pharmacokinetic; R ac , observed accumulation ratio; t 1/2 , terminal half-life; SD, standard deviation; T max , time to reach maximum concentration; Vz/F, apparent volume of distribution. dose administrations. Single-and multiple-dose PK were consistent, indicating no time-dependent PK change. Mean t 1/2 ranged from 29-39 h across doses. When a single dose of PF-06751979 200 mg was administered in a fed state (Part A of study B8271004), T max increased to 6 h. However, there was no apparent food effect on plasma PF-06751979 exposure, with similar C max and AUC inf under both fed and fasted conditions. Following multiple doses of PF-06751979 (Part B), steady state was achieved by Day 7 with 2.1-to 2.5-fold accumulation on Day 14. A mean of 7-10% of the PF-06751979 dose was recovered unchanged in the urine across the dose range studied.
Plasma PF-06751979 exposure in healthy older subjects receiving multiple doses of PF-06751979 50 mg or 125 mg QD (Part C) was similar to that in healthy adults, with a median T max of 4 h and steady state achieved by Day 7. The observed t 1/2 was approximately 40 h, slightly longer than that seen in the healthy adult population. Plasma PF-06751979 accumulation observed at Day 14 was also slightly higher (2.8-fold) compared with the healthy adult population.
During study B8271007, following a single oral dose of midazolam 2 mg in the presence of multiple oral doses of PF-06751979 100 mg QD, there was a small decrease in both midazolam AUC inf (12%) and C max (11%). Neither reduction was considered to be clinically meaningful.
PD
Robust and dose-dependent reductions from baseline in CSF A␤ fragments were observed following multiple doses of PF-06751979 ranging from 50-275 mg QD in Part B (Table 5 ; Fig. 1 ). The maximum observed placebo-adjusted reductions for A␤ and A␤ 1-42 were 92.1% and 92.9%, respectively, at 275 mg QD. Reductions in the other CSF A␤ fragments analyzed (A␤ , A␤ x-38 , A␤ x-40 , A␤ x-42 , and total A␤) and sA␤PP␤ were similar. In all treatment groups, sA␤PP␣ levels increased, with the greatest increase from baseline observed in the PF-06751979 275 mg QD treatment group (Table 5) .
Dose-dependent reductions from baseline in plasma A␤ fragments were observed following single-ascending and multiple doses of PF-06751979 in Parts A and B, respectively (Supplementary Table1). The maximum observed placebo-adjusted reductions for A␤ 1-40 fragments following singleascending doses was 90.3% with PF-06751979 540 mg (48 h post-dose), and following multiple-doses was 88.3% with PF-06751979 275 mg (on Day 1). and Aβ The inhibitory effects of PF-06751979 on CSF A␤ 40 and A␤ 42 levels were estimated to be equal Table 5 Mean percent change from baseline to Day 15 (2-sided 80% CI) in CSF levels of A␤ fragments, sA␤PP␣, and sA␤PP␤ in healthy adults treated with multiple-ascending doses of PF-06751979 in studies B8271001 and B8271004 Goodness-of-fit plots of observed A␤ concentrations versus population-and individual-predicted A␤ concentrations showed that the PK/PD model described observed PD data well (data not shown).
PK/PD modelling for CSF Aβ
Based on model parameter estimates and PK variability, the individual PD responses at steady state were simulated. It is predicted that PF-06751979 30, 75, and 110 mg QD, will result in respective average reductions of approximately 60%, 80%, and 85% of CSF A␤ 1-40 and A␤ 1-42 fragments, in approximately 50% of subjects at steady state (Supplementary Figure 2 ).
DISCUSSION
Three Phase I studies have provided insights into the safety, tolerability, PK, and PD effects of PF-06751979, a potent and selective oral BACE1 inhibitor that is being investigated as a potential treatment for AD.
Currently, investigational treatments targeting A␤, such as anti-A␤ antibodies and BACE1 inhibitors, are the most advanced approaches in clinical development [16] . However, several trials in prodromal AD through moderate dementia have failed to show positive benefit:risk ratios or were stopped at interim analysis [26] [27] [28] . Recent evidence that A␤ deposition and measurable changes in brain biomarkers occur years before the onset of dementia suggests that, in these trials, treatment may have been given too late during the course of the disease to be effective [29, 30] . In addition, while treatment with MK-8931 reduced soluble A␤ levels in one study of mild-tomoderate dementia [26] , data obtained using amyloid positron emission tomography in the same study indicated that amyloid plaque was reduced only slightly over 18 months, probably because of slow physiological clearance. This suggests that removal of soluble A␤ forms alone may not be sufficient to halt the A␤-driven pathology in AD, and substantial amounts of deposited A␤ remain in the patient's brain. The clinical development of drugs that target A␤, particularly BACE inhibitors, is thus increasingly focused on treatment during the earlier stages of AD when disease-modifying therapy targeting A␤ will presumably be of greatest benefit (i.e., individuals with preclinical AD or minimal cognitive impairment) [30] .
Mild cognitive worsening and behavioral disturbances have recently been reported with several BACE1 inhibitors [26, 31] . Whether this finding is the result of an off-target liability, such as BACE2 inhibition; an on-target, off-mechanism effect on a non-A␤ substrate such as neuregulin or seizure protein 6; or an on-target, on-mechanism effect such as interference with the physiologic role of A␤ is unknown. In addition to targeting patients who are earlier in the AD spectrum, future trials of BACE1 inhibitors may need to test doses that yield lower levels of inhibition in order to preserve normal synaptic functioning [32, 33] .
Other than abnormal dreams, which were observed in the multiple-dose study of PF-06751979, no psychiatric or cognitive AEs were seen in the studies described in this paper. It should be noted, however, that given the low subject numbers and short duration of exposure in these studies, as well as the absence of dedicated cognitive testing, the three Phase I studies have limited sensitivity to detect such effects.
A major challenge in the development of BACE1 inhibitors for the treatment of AD is the selectivity over related aspartyl proteases such as CatD and BACE2. Although the small-molecule BACE inhibitors MK-8931 and AZD3293 have good selectivity for BACE1 over CatD [34, 35] , they still exhibited undesirable characteristics, such as hair depigmentation in animal studies, presumably due to high BACE2 inhibition [15, 23] . Another BACE1 inhibitor currently in Phase III, CNP520, did not result in any hair depigmentation after long-term treatment in mice or dogs despite this compound displaying only a 3-fold selectivity for BACE1 over BACE2 in vitro [36] . This in vitro-in vivo difference could potentially be due to low drug concentration in the skin tissues relative to IC 50 for BACE2. Currently, CNP520 is being studied in two long-term pivotal clinical prevention trials in subjects at risk for AD (Generation studies 1 and 2) [36] . PF-06751979 displayed 6.4-and 26.6-fold selectivity for BACE1 over BACE2 in vitro in a fluorescence polarization assay and a binding assay, respectively [19] . In pigmented C57BL/6J mice, after 3 weeks of treatment with PF-06751979 or non-selective BACE inhibitors, hair color (pigmentation) change was not observed in the PF-06751979-treated mice while nonselective BACE inhibitors produced light color hair (hypopigmentation) in the mice [19] . In addition, chronic dosing of PF-06751979 for up to 9 months in dogs did not reveal any evidence of hair color change [19] . Together, the in vivo and in vitro data consistently suggested PF-06751979 is a very selective BACE1 inhibitor, a key differentiator over other BACE1 inhibitors that are nonselective against BACE2 [19] . The potential clinical importance of BACE1 inhibition selectivity remains to be fully elucidated, which will require an extended treatment duration in an appropriately designed study.
Overall, PF-06751979 was shown to be well tolerated with an acceptable safety profile in healthy adults and healthy older subjects following singleand multiple-dose administration, up to 2 weeks. TEAEs tended to become more frequent with increasing dose of PF-06751979, but there were no severe or serious AEs. Across the three Phase I studies, liver enzyme elevations, specifically of ALT/AST, were seen in three subjects treated with PF-06751979 and one subject treated with placebo. Liver toxicity has previously been seen with some BACE1 inhibitors, with concerns over abnormal liver enzymes leading to the termination of a Phase I study of RG7129 [37] , a Phase II study of LY2886721 [38] , and Phase II and Phase IIb/III studies of JNJ-54861911 [39] . However, for several other BACE1 inhibitors, including MK-8931, AZD3293, and CNP520, liver toxicity was not reported in clinical studies [14, 15, 26, 36] , suggesting that the liver toxicity observed with some BACE1 inhibitors may not be mechanism-related. It is notable that the ALT/AST elevations seen with PF-06751979 were transient, asymptomatic, and were not accompanied by any additional abnormalities reflecting impaired liver function. We cannot exclude the possibility that longer dosing periods would lead to an increased risk of liver toxicity; therefore, liver function will continue to be monitored in studies of PF-06751979.
As BACE1 inhibition typically requires a basic amine for interaction with the catalytic aspartic acids at the active site of the BACE1 enzyme [40] , BACE inhibitors in general are potential hERG ligands [36] . Most BACE1 inhibitors, as reported, inhibited hERG in in vitro studies [15, 17, 36] , and displayed a dosedependent effect on QT prolongation in early clinical studies [15, 17, 18] . However, these QT effects were small and not clinically significant at up to the highest clinically relevant (supratherapeutic) doses. In vitro and in vivo preclinical safety and toxicology studies of PF-06751979 have shown weak hERG inhibition [19] . In the SAD and MAD studies, a small but dosedependent increase in QTc interval was observed in study B8271004 (higher doses). After a single dose of PF-06751979 at the highest dose of 540 mg, the maximum placebo-adjusted mean QTcF change from baseline was 14.9 ms (90% CI: 7.6, 22.2). In the MAD study, the maximum placebo-adjusted mean QTcF change from baseline was 12.8 ms (90% CI: 4.5, 21.1) after PF-06751979 275 mg QD for 14 days. Despite this small QT effect, no clinically meaningful findings (AEs) related to QTc and other ECG parameters were observed in healthy adults or older subjects in both studies. A preliminary concentration-QT analysis suggested that the maximum QTcF increase would be less than 10 ms at the upper bound of the 90% CI at the projected supratherapeutic dose of PF-06751979 (such as∼3-fold of top clinical dose anticipated; data not shown). A definitive QT study may be performed in the future to confirm the QT effect.
PF-06751979 had a PK profile well suited for QD dosing, with t 1/2 ranging from 29-39 h in healthy adults, and approximately 40 h in healthy older subjects. Steady state was achieved by Day 7 in both patient populations. The A␤ profiles after multiple doses of PF-06751979 further support the hypothesis that QD dosing may be appropriate in future clinical studies. In addition, the food effect was minimal. Based on in vitro experiments, PF-06751979 was identified as a weak metabolism-dependent inhibitor of CYP3A4/5 (data on file); however, the B8271007 study, using the CYP3A4/5 probe midazolam, showed no drug interaction with midazolam PK in vivo.
Dose-dependent and robust A␤ (A␤ 40 and A␤ 42 ) reductions have been reported for other BACE1 inhibitors in clinical studies [14, 15, 41, 42] . These studies reported that A␤ reductions in CSF and plasma were observed after single- [14, 15, 41] and multiple-dose treatment [14, 15, 41, 42] . Furthermore, following multiple once-daily doses of JNJ-54861911, reductions were sustained over the 24-h interval at steady state [41] . These data also suggested that CSF A␤ reductions were very similar in magnitude in healthy adults [41] , healthy older subjects [14, 41] , and patients with mild-to-moderate AD [14, 15, 42] . Based on these data, we collected a single lumbar puncture at steady state to evaluate CSF PD effects after multiple-dose administration. CSF levels of A␤ 1-40 , A␤ , and other A␤ fragments were robustly reduced after 14 days of dosing with PF-06751979 50 mg, 125 mg, or 275 mg QD. Reductions in CSF A␤ fragments were dose-dependent, with the greatest reductions from baseline observed in the 275 mg QD treatment group (92.1% and 92.9%, respectively). In addition, dose-dependent reductions of plasma levels of A␤ , A␤ x-40 , and total A␤ occurred after a single dose of PF-06751979 and were sustained over the dosing interval (24 h) at steady state following multiple-dose administration.
The CSF A␤ fragment reductions observed with PF-06751979 were in line with those previously reported following the administration of other BACE1 inhibitors. Based on PK/PD modeling of the Phase I data reported here, about 60% and 80% reductions in CSF A␤ or A␤ 1-42 fragments are expected following extended treatment with PF-06751979 30 and 75 mg QD, respectively. This is comparable to the reductions achieved by other BACE1 inhibitors at clinical doses studied in Phase III trials. For example, AZD3293 15 and 50 mg QD have been shown to produce approximately 51% and 76% reductions in CSF A␤, respectively, in healthy older subjects, with similar effects seen in patients with mild-to-moderate AD [14] . MK-8931 reduced steady state CSF A␤ 40 by an average of 57% and 79% in mild-to-moderate AD patients at 12 and 40 mg QD, respectively [15, 42] . Based on combined results observed in healthy adults and older subjects, JNJ-54861911 reduced CSF A␤ 40 by approximately 50% and 80% at 5 and 25 mg QD, respectively, with similar reductions in CSF A␤ 42 levels observed [41] . Taking this evidence together, a dose range of PF-06751979 25 to 75 mg QD, targeting various levels (modest to high) of A␤ lowering in the brain, may be appropriate to test in future studies.
While PF-06751979 demonstrated an acceptable safety profile, favorable PK characteristics and robust PD effect for future development during these Phase I studies, there are limitations associated with these results, including small sample size, short treatment duration (up to 2 weeks), and the inclusion of only healthy volunteers. As discussed above, the risk of PF-06751979 induced liver toxicity would need to be further addressed in larger study populations with treatment duration beyond 2 weeks.
Overall, the safety/tolerability, PK and PD profiles characterized in these Phase I studies suggest that PF-06751979 is suitable for further clinical development.
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